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ABSTRACT 


The  effects  of  surface  pretreatment  on  the  rate  of  scribe-creep 
caused  by  underpaint  corrosion  on  coated  AA2024-T3  (UNS 
A92024)  were  investigated.  Scribe-creep  experiments  were 
conducted  on  epoxy  polyamide-coated  (average  coating  thick¬ 
ness:  ~10  pm)  AA2024-T3  in  80%  relative  humidity  at  25°C, 
40°C,  and  50°C.  Scribe-creep  was  observed  to  be  enhanced 
by  exposure  test  temperature  regardless  of  surface  pretreat¬ 
ment  with  an  activation  energy  of  30  kj/mol  to  40  kj/mol. 

The  scribe-creep  rate  teas  accelerated  at  all  temperatures 
especially  by  pretreatments  that  increased  the  concentration 
of  surface  Cu  or  left  a  high  capacity  for  Cu-replating.  Sodium 
hydroxide  ( NaOH )  etching  particularly  increased  the  amount 
of  replated  Cu  at  the  coated  metal  interface  compared  with 
an  as-received  condition  and  a  NaOH  etch  followed  by  a  nitric 
acid  (HNOJ  deoxidation.  The  effect  of  each  surface  pretreat¬ 
ment  to  enhance  or  retard  scribe-creep  is  traced  either  to  the 
initial  level  of  Cu  replating  prior  to  coating  or  to  its  ability  to 
supply  Cufor  replating  in  the  scribe-creep  filament  wake.  This 
Cu  replating  enhances  the  rate  of  cathodic  electron  transfer 
reactions,  which  supports  the  galvanic  corrosion  process  be¬ 
tween  scribe-creep  head  and  tail.  When  Cu  was  eliminated 
as  an  alloying  element,  or  when  surface  Cu  was  minimized  at 
the  coating-metal  interface  by  HN03  deoxidation  pretreatment, 
scribe-creep  corrosion  rates  were  lowered.  This  was  rational¬ 
ized  to  occur  as  a  result  of  a  decrease  in  the  cathodic  oxygen 
reduction  reaction  rate,  which  supports  anodic  undercutting  at 
the  head  of  the  corrosion  front. 
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INTRODUCTION 


Al-based  precipitation  age-hardened  alloys  containing 
Cu  and  Fe  are  prone  to  localized  corrosion  such  as 
pitting  induced  by  galvanic  interactions  between  Cu- 
rich  intermetallic  compounds  (IMC)  and  the  A1  alloy 
matrix.  These  local  galvanic  cells,  which  induce  acid 
pitting  and  alkaline  attack,  are  often  formed  by  Cu- 
and  Fe-containing  intermetallics  or  replated  Cu.1'12  In 
AA2024-T3  (UNS  A92024),111  pit  initiation  sites  include 
Al-Cu-Mg  particles,2'3,7' "1!  the  periphery  of  Cu-en- 
riched  Al-Cu-Mg  particles  that  have  been  dealloyed 
of  A1  and  Mg,2  and  the  matrix  adjacent  to  Al-Cu  and 
Al-Cu-Fe-Mn  constituent  particles.3,51013  The  Al-Cu- 
Mg  type  is  the  most  active  constituent  particle  and  as 
much  as  60%  of  the  intermetallics  on  the  surface  of 
an  AA2024-T3  sample  are  of  the  Al-Cu-Mg  type,21415 
with  2.7%  of  the  total  surface  covered  by  these  parti¬ 
cles.2  The  Al-Cu-Mg  type  IMC  is  anodic  to  the  A1  alloy 
matrix  and  is  present  as  1  -  pm  to  10-pm-diameter  par¬ 
ticles.16  The  smaller  particles  will  dissolve  completely, 
while  the  larger  particles  generally  undergo  selective 
dissolution  of  the  A1  and  Mg  from  the  particle,  leaving 
only  a  fine  Cu  sponge. 2'3,1215,17"18  The  particle  becomes 
cathodic  to  the  matrix  with  time.2-3,11"12,19'20  Under 
certain  conditions,  some  authors  have  observed  rings 
of  deposited  Cu  around  these  Al-Cu-Mg  precipitates, 
suggesting  that  they  are  a  major  source  of  Cu  for  re¬ 
plating.18  The  Al-Cu  and  Al-Cu-Mn-Fe  types  of  IMC 
also  serve  as  preferred  cathodic  sites  relative  to  the 
A1  matrix.21  Cu2+  ions  dissolved  into  solution  can  be 
reduced  readily  on  these  particles  and  elsewhere.3  The 
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generation  of  OIT  ions  at  these  particles  due  to  the  re¬ 
duction  of  oxygen  is  believed  to  contribute  to  alkaline 
attack  of  the  A1  adjacent  to  these  particles,  resulting 
in  an  attack  morphology  known  as  trenching,  which 
often  forms  a  perimeter  around  the  particle.3'4,81013'20 
Recent  work,  however,  suggests  other  mechanisms  for 
trenching.22  In  addition,  pitting  can  occur  in  the  ma¬ 
trix  in  halide-containing  solutions.21  Cu-rich  IMC  and 
replated  Cu  have  been  shown  to  contribute  signifi¬ 
cantly  to  the  overall  oxygen  reduction  reaction  (ORR) 
rate  on  AA2024-T3.18,20'21,23'29  Therefore,  a  cathodic  re¬ 
action  is  readily  available  from  a  coating  defect  in  the 
case  of  underpaint  corrosion  to  support  the  operating 
anodic  corrosion  process  at  the  head  of  a  coating  de¬ 
lamination  front. 

Few  studies  have  addressed  the  role  of  Al-precipi- 
tation  age-hardened  alloy  microstructure  and  compo¬ 
sition  on  the  progression  of  the  corrosion-related 
events  leading  to  organic  coating  degradation  from 
either  macroscopic  coating  defects  or  intact  coatings. 

It  is  clear  that  underpaint  corrosion  initiates  at  paint 
defects  that  expose  the  underlying  microstructure. 
Underpaint  corrosion  in  A1  alloys  most  likely  occurs 
through  anodic  wedging30  and  anodic  undercutting.31'34 
According  to  this  mechanism  the  head  and  tail  form 
the  anode  and  cathode,  respectively.  These  anode/ 
cathode  positions  have  been  confirmed  by  scanning 
Kelvin  probe  measurements  at  the  sites  where  scribe- 
creep  was  observed  under  polyvinyl  butyral-co-vinyl 
alcohol-co-vinyl  acetate  coatings  on  steel35'36  and  com¬ 
mercial  polymer  coatings  on  AA2024-T3.37  Model  Al- 
Cu  alloys  were  created  by  depositing  a  regular  array 
of  Cu  islands  on  high-purity  Al.38  When  coated  with 
an  organic  polymer  coating,  micron-scale  pitting  at 
Cu  dots  transitioned  to  the  formation  of  mm-scale, 
low-pH  anodes  at  the  filiform  tip,  and  high-pH  cath¬ 
odes  at  filiform  tails.38  ffowever,  there  are  few  studies 
that  link  the  specific  behavior  and  roles  of  actual 
microstructural  features,  such  as  constituent  parti¬ 
cles  in  Al-Cu  precipitation  age-hardened  alloys,  or 
pretreatments  that  affect  microstructural  features,  to 
the  initiation  or  propagation  stages  of  corrosion  under 
organic  coatings  on  Al-based  alloys.39 

Information  available  suggests  that  alloy  composi¬ 
tion,  particularly  Cu  and  Fe  content,  have  a  dominant 
effect  on  filiform  growth  rates  when  grown  from  physi¬ 
cal  scratches.40'41  Filiform  corrosion  (FFC)  is  known  to 
proceed  at  enhanced  rates  on  Cu-bearing  Al  alloys42'43 
even  when  chromate  conversion  coated.44  FFC  was 
also  promoted  on  model  Al  substrates  containing  a 
regular  distribution  of  Cu  islands.38  In  fact,  filiform 
tracts  were  arrested  at  the  ends  of  the  arrays  of  Cu 
dots,  suggesting  the  importance  of  cathode  sites  that 
support  fast  electron  transfer  reaction  (ETR)  rates  in 
close  proximity  to  anode  sites.  Anodizing  and  conver¬ 
sion  coatings  are  known  to  minimize  but  not  eliminate 
FFC  on  AA2024-T3.42  Moreover,  the  same  surface 
preparation  and  organic  coating  type  and  thickness 


are  known  to  result  in  drastically  different  undercoat¬ 
ing  corrosion  rates  in  the  Cu-containing  2000  series 
Al  alloys  compared  to  the  5000  series  Al  alloys.45'46  In¬ 
deed,  underpaint  corrosion  susceptibility  of  high  Cu- 
containing  2xxx  and  7xxx  alloys  is  greater  than  that 
of  6xxx  with  lower  solute  content  such  as  Cu.40  The 
5xxx  alloys  with  nil-Cu  perform  even  better,  indicating 
that  the  overall  performance  of  coated  metals  is  linked 
to  the  corrosion  and  electrochemical  properties  of 
the  substrate  alloy.47'48  Papers  by  Afseth,  et  al.,47  and 
Zhou,  et  al.,48  focus  on  the  role  of  alloyed  Mn  and  the 
effects  of  surface  conditioning  or  treatment  on  FFC 
resistance.  It  has  been  shown  that  alkaline  cleaning 
of  the  surface  leads  to  increased  FFC  growth  rates. 
Decreased  severity  of  attack  occurs  in  the  filament  tail 
when  deoxidizing  is  conducted  after  alkaline  cleaning. 
Chromate  conversion  coatings  also  lead  to  a  decrease 
in  the  FFC  growth  rates  but  increased  severity  of  the 
attack  is  observed  in  the  filament  tail.49'51  A  decrease 
in  rate  has  been  related  to  the  adhesion  of  the  coating 
as  a  result  of  these  surface  pretreatments.49'51  ffow¬ 
ever,  the  effects  of  pretreatment  that  specifically  alter 
surface  Cu  content  in  the  form  of  IMC  and  replated 
Cu  that  drive  cathodic  electron  transfer  reactions 
(ETR)  have  not  been  investigated. 

The  objective  of  our  study  was  to  understand 
the  role(s)  of  alloy  composition,  intermetallics,  and 
replated  Cu,  mediated  by  pre treatment  and  the  capac¬ 
ity  for  Cu  release  during  the  coating  process,  on  the 
propagation  of  underpaint  corrosion  that  results  in  a 
coating  delamination  process  commonly  referred  to 
as  scribe-creep.  In  this  preliminary  study,  the  effects 
of  pretreatment  on  the  rate  of  scribe-creep  are  inves¬ 
tigated.  The  extent  of  Cu  replating  prior  to  coating 
deposition  can  be  enhanced  or  reduced  on  AA2024-T3 
by  combinations  of  treatments  such  as  those  exam¬ 
ined  by  others.1617  The  effects  of  these  processes  on 
FFC  processes  are  investigated.  An  organic  epoxy 
polyamide  coating  consistent  with  that  of  aircraft 
primers  was  applied  to  AA2024-T3  and  scribed. 

EXPERIMENTAL  PROCEDURES 


The  material  used  for  this  study  was  1.5-mm- 
thick  AA2024-T3  sheet  with  a  composition  (wt%)  of 
0.009%  Cr,  4.35%  Cu,  0.19%  Fe,  1.36%  Mg,  0.62% 
Mn,  0.099%  Si,  0.025%  Ti,  0.095%  Zn,  and  balance 
Al.  As  was  stated  above,  the  IMC  for  this  alloy  are 
primarily  of  the  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Mn-Fe 
compositions. 2'3,5,710'15,21'22,24  Using  scanning  electron 
microscopy  (SEM)  and  image  analysis,  the  surface 
area  ratio  for  coarse  constituent-type  IMC  was  2. 18%, 
with  an  average  IMC  diameter  of  2.43  pm  (Figure  1) 
after  stereological  correction  using  the  Saltyov  (area) 
method.52'53  The  L2  statistical  point  pattern  spatial 
analysis54'55  performed  on  the  IMC  on  the  long  trans¬ 
verse  (LT)  or  rolling  surface  showed  that  the  IMC  are 
sometimes  clustered  and  sometimes  random,  as  can 
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FIGURE  1.  Microstructural  constituent  particle  size  frequency 
for  unpretreated  AA2024-T3  LT  surface  observed  from  SEM 
backscattered  electron  image. 


be  seen  from  Figure  2. 121  Scribe-creep  tests  were  con¬ 
ducted  on  LT  surfaces  and  were  augmented  by  stud¬ 
ies  on  high-purity  A1  (99.999%). 

The  AA2024-T3  sheet  was  cut  into  squares  of 
5  cm  by  5  cm  for  a  variety  of  testing  purposes.  All 
samples  prepared  for  testing  purposes  were  mechani¬ 
cally  wet-ground  to  a  surface  finish  of  1200  grit  us¬ 
ing  silicon  carbide  (SiC)  paper.  The  panels  were  then 
cleaned  in  water  and  degreased  by  immersing  the 
panels  in  butanone  for  30  s,  a  procedure  similar  to 
that  used  by  others. 47,56'59  Three  surface  treatments 
were  utilized  on  the  LT  surfaces  of  AA2024-T3  to 
maximize  and  minimize  the  replated  Cu  content  for 
testing  purposes:47  56'59 

— a  40-min  immersion  in  1.5  g/L  sodium  hydrox¬ 
ide  (NaOH)  (alkaline  etch)  followed  by  rinsing 
with  deionized  water  to  etch  and  replate  a  high 
amount  of  Cu  on  the  surface 
— a  40-min  immersion  in  1.5  g/L  NaOH,  followed 
by  rinsing  with  deionized  water,  30-s  immersion 
in  50  wt%  nitric  acid  (HN03).  and  rinsing  with 
deionized  water  to  etch  the  surface,  then  re¬ 
move  the  IMC  from  the  surface  to  minimize  the 
surface  Cu  content  (NaOH  +  HN03) 

— no  chemical  treatment  of  the  surface 
Cyclic  voltammetric  measurements  were  per¬ 
formed  on  the  electrodes  after  these  various  surface 
pretreatments  to  qualitatively  determine  the  initial 
amount  of  replated  Cu  prior  to  underpaint  corrosion 
testing.  Cyclic  voltammetry  has  been  shown  to  be  an 
effective  method  of  determining  the  replated  Cu  sur¬ 
face  coverage  or  the  lack  thereof.56  It  has  also  been 
recently  corroborated  with  independent  measures  of 
surface  Cu  detected  by  x-ray  photoelectron  spectros¬ 
copy.60  The  extent  of  Cu  replating  is  a  strong  indica¬ 

121  Nanometer  scale  precipitates  were  not  detected  using  this  method. 

131  Negligible  Cu-replating  was  seen  on  the  AA2024-T3  control  speci- 
mens  exposed  only  to  borate  buffer.  Acidification  and  alkaliniza- 
tion  were  minimized  by  this  choice  of  electrolyte. 

*  Trade  name. 


tor  of  the  extent  of  corrosion  because  it  indirectly 
indicates  the  extent  of  IMC  attack,  cathodic  trench¬ 
ing,  and  pitting,  all  of  which  lead  to  Cu  release  and 
redeposition.  In  the  case  of  scribe-creep,  replated  Cu 
would  increase  the  ability  to  support  cathodic  ETR 
rates  that  might  enable  faster  scribe-creep  rates,  as¬ 
suming  that  the  process  is  not  completely  controlled 
by  anodic  reactions  at  the  anode  head. 

The  cyclic  voltammetric  tests  were  performed  in  a 
deaerated,  pH  =  8.4  borate  buffer  solution  (8.17  g/L 
sodium  borate  [Na2B4O7-10  HaO]  +  7.07  g/L  boric  acid 
[H3B03])  to  detect  and  assay  surface  Cu.131  Specimens 
were  held  potentiostatically  at  -700  mV  vs.  saturated 
calomel  electrode  (SCE)  for  5  min  prior  to  the  first  cy¬ 
clic  voltammetric  scan,  held  at  the  same  potential  for 
10  min  before  the  second  cyclic  voltammetric  scan, 
and  for  20  min  before  the  third  cyclic  voltammetric 
scan.  The  cyclic  voltammograms  were  conducted  by 
scanning  at  a  rate  of  1  mV/s  from  -700  mVSCE  to  a 
vertex  potential  of  300  mVSCE,  then  scanning  back  to 
-1,200  mVSCE.  Only  the  last  cyclic  voltammetry  scan 
was  used  for  analysis  because  the  background  signal 
for  A1  oxidation  was  minimized  by  the  third  cycle.  Thus, 
Cu  oxidation/reduction  peaks  could  be  more  clearly 
distinguished.  The  Cu  oxidation  peaks  were  selected 
for  analysis  of  Cu  levels,  since  they  were  more  promi¬ 
nent  than  the  reduction  peaks,  which  were  more  dis¬ 
tributed.  Increasing  peak  height  was  correlated  with 
increasing  peak  area.60'61  Peak  height  was  subsequently 
used.  Various  scans  were  compared  to  assess  Cu-re- 
plating  both  before  the  coating  was  applied  and  upon 
removal  of  the  coating  after  the  humidity  exposure. 

Humid  air  exposure  studies  were  performed  on 
scratched,  coated  AA2024-T3  planar  electrodes  on 
LT  surfaces.  AA2024-T3  panels  (5  cm  by  5  cm)  were 
tested  with  the  same  pretreatments  as  those  used 
for  the  cyclic  voltammetiy  scans  mentioned  earlier. 
The  panels  were  coated  with  a  translucent  epoxy 
polyamide  coating  similar  to  aircraft  primers.  It  was 
prepared  by  mixing  equal  weights  of  Epon  resin 
1001-CX-75f  (Shell)  with  Epi-Cure  3115  X73f  cur¬ 
ing  agent  (fatty  acid-polyethylene  polyamine-based 
polyamide  mixture,  Shell)  and  adding  5  wt%  Butylcel- 
losolve.  The  coating  was  applied  using  a  spin  coater 
and  then  the  coated  panel  was  placed  in  a  dessicator 
out  of  the  light  for  at  least  one  week  for  curing.  The 
average  coating  thickness  was  approximately  10  pm. 
The  backs  of  the  coated  panels  were  masked  from 
the  humidity  exposure  using  electroplating  tape  and 
the  sides  were  masked  using  a  removable  masking 
lacquer.  Samples  were  scribed  perpendicular  to  the 
rolling  direction  using  a  sharp  scalpel  that  penetrated 
the  coating  on  the  AA2024-T3  panels  and  scratched 
through  the  pretreated  surface  of  the  substrate  as 
well.  The  scratch  was  4  cm  long.  Drops  of  16  wt% 

(~5.2  M)  hydrochloric  acid  (HC1)  solution  were  placed 
along  the  scratch  for  30  s,  and  then  the  excess  acid 
was  removed.  These  test  coupons  were  then  placed 
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FIGURE  2.  L,  statistical  point  pattern  spatial  analysis  of  the  IMC  on  the  LT  surface  of  AA2024-T3. 


in  80%  relative  humidity  (RH)  air  chambers  at  25°C, 
40°C,  and  50°C  for  a  period  of  approximately  75 
days.  Scribe-creep  was  monitored  in-situ  using  a 
digital  camera,  exploiting  the  translucent  coating  to 
detect  the  underpaint  corrosion  front.  The  rate  of 
scribe-creep  was  determined  and  ranked  according 
to  scribe-creep  susceptibility  for  the  different  surface 
pretreatments.  For  posttest  analysis  of  these  panels, 
the  coating  was  removed  using  a  tape  pull  method 
while  the  coating  was  still  moist  from  exposure. 

It  is  important  to  note  why  this  test  was  used 
instead  of  the  ASTM-B1 1762  salt  spray  test.  It  has 
been  shown  that  a  coating  test  involving  an  HC1  dip 
followed  by  testing  in  85%  RH  humid  air  at  40°C  cor¬ 
related  the  best  with  seacoast  exposures  at  the  Pt. 
Judith,  Rhode  Island,  Alcoa  Test  site  from  the  stand¬ 
point  of  correlation  between  lab  and  field  scribe-creep 
results  on  coated  Al-based  alloys.63  The  HC1  dip  test 
method  consistently  correlated  with  the  field  results 
on  a  variety  of  Al-based  alloys  while  the  ASTM-B1 17 
salt  spray  test  results  did  not.63  The  test  was  cyclic 


in  nature  in  that  high  humidity  periods  were  punctu¬ 
ated  by  removal  to  lower  humidity  and  reapplication 
of  HC1. 41,63 

The  micrographs  taken  periodically  of  scribe- 
creep  length  and  area  were  analyzed  in  a  method 
similar  to  that  of  Bautista31  and  Williams  and 
McMurray.35  Analysis  of  the  collected  data  included 
the  quantitative  determination  of  the  extent  of  scribe- 
creep  by  visual  estimation  of  the  average  length,  lave, 
of  the  filaments: 


where  1,  is  the  total  length  of  the  filaments  measured 
from  the  original  scratch  and  N  is  the  number  of  fila¬ 
ments  measured.  The  delaminated  area,  Ascribe  creep,  due 
to  the  scribe-creep,  calculated  using  Equation  (2),  was 
also  estimated: 


*  scribe  -  creep 


=  AC1 


i  —  As, 


(2) 
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Average  Scribe-Creep  Lengths  (mm) 


•  NaOH  +  HN03-pretreated  AA2024-T3 

-  Regression  line  for  NaOH  +  HN03-pretreated  AA2024-T3 

■  AA2024-T3  no  pretreatment 

- Regression  line  for  unpretreated  AA2024-T3 

±  NaOH-pretreated  AA2024-T3 
- Regression  line  for  NaOH-pretreated  AA2024-T3 

FIGURE  3.  Correlation  of  the  scribe-creep  area  with  the  average 
scribe-creep  length  for  various  pretreatments  on  AA2024- T3  exposed 
in  80%  RH  at  25°C. 


Figure  3  shows  that  the  scribe-creep  area  cor¬ 
relates  well  with  the  average  scribe-creep  length.  This 
indicates  that  average  length  can  be  used  to  charac¬ 
terize  the  scribe-creep  growth  behavior.  Posttest 
analysis  on  the  humidity  test  panels,  after  removal 
of  the  coating,  included  the  cyclic  voltammetric  scans 
as  was  discussed  earlier  to  determine  any  global  in¬ 
crease  in  the  surface  Cu  content  after  the  humidity 
exposure  tests.  This  test  was  performed  after  1  min 
ultrasonic  cleaning  in  18.2  Mfi  ultra  pure  water  to 
remove  the  loose  corrosion  product  with  minimal  pos¬ 
sible  Cu  removal. 

SEM  was  also  performed  on  these  panels  to  deter¬ 
mine  the  morphology  of  the  underpaint  corrosion 
damage  from  the  scribe  creep.  Prior  to  using  the  SEM, 
the  samples  were  cleaned  to  remove  the  corrosion 
product  from  the  surface.  To  clean  the  panels,  without 
introducing  additional  corrosion  damage,  concentrated 
(15.8  M)  HN03  was  used  for  approximately  10  min  in 
an  ultrasonic  cleaner.  This  cleaning  procedure  was 
found  to  minimize  additional  corrosion  damage.64 

RESULTS 


Effect  of  Pretreatment  on  Surface  Cu 

The  pretreatments  and  preexposures  performed 
on  AA2024-T3  affected  the  extent  of  Cu  replating. 
Cyclic  voltammetry  for  determining  the  Cu  surface 
coverage  relied  on  the  Cu  oxidation  reaction  peaks 
and  peak  areas  as  shown  in  Figure  4. 141  The  peaks  ap¬ 
pearing  at  about  -0. 1  VSCE  and  between  0  and  0. 1  VS0E 

t4)  Both  Cu-containing  IMC  and  replated  Cu  have  been  confirmed  to 
exhibit  Cu  oxidation  peaks. 


are  the  Cu°  -»  Cu1  and  Cu1  -»  Cu11  oxidation  peaks, 
respectively.  The  first  peak,  which  corresponds  to  the 
Cu°  -»  Cu1  oxidation  reaction,  was  more  pronounced. 
Good  correlation  between  peak  height  (e.g.,  peak 
current)  and  area  (e.g.,  peak  charge)  was  obtained 
(Figure  5).60'61  Hereafter  peak  height  was  used  given 
its  equivalence.  When  qualitatively  comparing  the 
three  pretreatments  used  for  this  study  (Figure  4),  it 
is  evident  that  more  Cu  was  deposited  on  the  surface 
of  the  NaOH  alkaline-etched  sample  compared  with 
either  the  samples  with  no  pretreatment  or  those  with 
the  NaOH  +  HN03  pretreatment.  The  latter  two  ap¬ 
pear  to  be  fairly  similar  in  the  amount  of  Cu  replated 
on  the  surface  with  a  slightly  greater  concentration 
after  the  NaOH  +  HN03  pretreatment  than  in  the  as- 
received  state.  Figure  4  shows  that  the  NaOH  +  HN03 
pretreatment  cleaned  the  surface  of  replated  Cu  pro¬ 
duced  by  NaOH  exposure.  Moreover,  it  may  also  have 
eliminated  some  of  the  future  sources  of  Cu,  such 
as  the  smaller  Al-Cu-Mg-type  particles  and  therefore 
decreased  the  capacity  of  Cu  available  for  replating. 
However,  the  larger  particles  of  that  composition  re¬ 
mained  on  the  surface  and  a  source  of  Cu  was  avail¬ 
able  for  replating  during  scribe-creep.2,56 

Bare,  unpretreated  and  NaOH  +  HN03-pretreated 
AA2024-T3  samples  were  also  exposed  to  a  variety  of 
other  solutions  to  examine  the  propensity  for  Cu  re¬ 
plating  in  solutions  crudely  simulating  head  or  tail 
solutions  under  FFC  tracks.  These  included  neutral 
0.05  M  sodium  chloride  (NaCl)  in  lab  air  as  well  as 
simulated  head/tail  solutions  (i.e. ,  0.5  M  NaCl,  pH  =  4, 
at  40°C  and  0.05  M  NaCl,  pH  =  10,  at  40°C,  respec¬ 
tively).  During  the  corrosion  process  in  NaCl,  addi¬ 
tional  Cu  was  replated  on  the  surface  in  the  case  of 
both  pre treatments.  Figure  6(a)  shows  the  relative  val¬ 
ues  of  the  Cu  peak  heights  after  the  various  exposure 
times  in  near-neutral  0.05  M  NaCl.  The  peak  height 
obtained  on  pure  Cu  is  also  plotted  for  comparison. 
The  Cu  peak  height  for  the  unpretreated  AA2024-T3 
coupons  increased  with  exposure  time  in  neutral 
0.05  M  NaCl  solution.  A  dramatic  increase  in  the  Cu 
peak  height  occurred  during  the  first  10  h  of  exposure 
and  then  a  slow  gradual  increase  was  observed  with 
additional  exposure  time.  However,  much  less  Cu  re¬ 
plating  was  detected  than  for  the  full  monolayer  cov¬ 
erage  present  on  pure  Cu.  The  initial  concentration 
was  greater  for  the  NaOH  +  HN03-pretreated  samples 
exposed  to  0.05  M  NaCl,  and  the  maximum  Cu  peak 
height  occurred  after  about  10  h.  Then  the  peak 
height  decreased  slightly  with  increasing  exposure 
time.  Figure  6(a)  also  shows  that  a  large  amount  of 
Cu  was  replated  onto  the  surface  during  even  short 
NaOH  exposures  times  (this  effect  of  exposure  time  in 
1.5  g/L  NaOH  can  be  seen  more  easily  in  Figure  6(b)). 
The  amount  of  Cu  replated  on  AA2024-T3  in  1.5  g/L 
NaOH  was  greater  than  the  amount  replated  during 
the  long  exposures  in  0.05  M  NaCl.  Figure  6(c)  illus¬ 
trates  that  more  Cu  was  replated  on  the  unpretreated 
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FIGURE  4.  Cyclic  voltammetry  of  Cu  oxidation  and  reduction 
reactions  in  deaerated  borate  buffer  (pH  =  8.4)  on  40  min  NaOH 
pretreated,  unpretreated,  and  40  min  NaOH  +  30  s.  HN03-pretreated 
AA2024-T3. 


AA2024-T3  exposed  in  the  0.05-M  NaCl  solution  at 
pH  =10  than  on  the  unpretreated  AA2024-T3  in  the 
0.5-M  NaCl  solution  at  pH  =  4  or  on  the  NaOH  + 
HN03-pretreated  AA2024-T3  exposed  in  either  high- 
or  low-pH  solutions  at  40°C.  This  effect  is  more  obvi¬ 
ous  in  Figure  6(d),  which  shows  the  change  in  Cu 
peak  height,  i-i0,  where  iQ  is  the  initial  Cu  peak  height 
at  zero  exposure.  Figures  6(a)  and  (c)  imply  that  the 
tail  of  a  filiform  would  have  a  higher  capacity  for  Cu 
replating  in  the  unpretreated  case  at  40°C  than  in  the 
NaOH  +  HN03-pretreated  case  at  40°C.  Figures  6(a) 
and  (b)  show  that  after  a  20-min  exposure  in  the 
NaOH  solution  a  maximum  peak  height  was  reached, 
in  which  the  peak  height  was  roughly  equivalent  to 
that  measured  on  pure  Cu.  Therefore,  it  was  reason¬ 
able  to  assume  that  the  NaOH  pretreatment  yields 
more  surface  Cu  than  any  other  treatment  performed. 
After  a  20-min  exposure  of  unpretreated  AA2024-T3 
to  1.5  g/L  NaOH  solution,  the  height  of  the  cyclic 
voltammetric  peaks  no  longer  increased,  suggesting 
that  little  additional  Cu  could  be  replated  or  exposed 
on  the  surface  after  the  20-min  exposure  in  this  alka¬ 
line  solution.  The  results  shown  in  Figures  6(a) 
through  (d)  imply  that  the  initial  amount  of  replated 
Cu  as  well  as  the  capacity  to  replate  Cu  depends  on 
the  pretreatment  and  exposure  conditions. 

SEM  performed  before  and  after  NaOH  +  HN03 
pretreatment  showed  that  after  pretreatment  many  IMC 
were  still  present  on  the  surface,  including  the  larger 
S-phase  constituent  particles  (Figure  7).  Recall  that 
both  the  unpretreated  and  NaOH  +  HN03-pretreated 
samples  were  exposed  to  a  neutral  0.05-M  NaCl  solu¬ 
tion  for  up  to  122  h  (Figure  6[a]).  The  Cu  peak  heights 
for  each  condition  were  approximately  equal.  This 
result  is  reasonable,  since  the  presence  of  constituent 
particle  fragments  act  as  Cu  sources  for  replating. 


Atm  -  Y  EO  ,;*2.3&7  >•  l  fl  .1,0111  (iD.DMi  ■:  hafilll 


FIGURE  5.  Linear  correlation  of  Cu  oxidation  peak  area  against  Cu 
oxidation  peak  height  from  NaOH-treated  AA2024-T3  at  the  indicated 
etch  times. 


Cathodic  polarization  scans  performed  on  pure 
Cu,  pure  Al,  unpretreated  AA2024-T3,  NaOH-pre- 
treated  AA2024-T3,  and  NaOH  +  HN03-pretreated 
AA2024-T3  are  shown  in  Figure  8.  A  comparison 
of  pure  Cu,  AA2024-T3,  and  pure  Al  indicates  how 
significantly  the  oxygen  reduction  reaction  (ORR)  de¬ 
pends  on  Cu  content  (Figure  8[a]).  A  large  increase 
in  the  net  cathodic  reaction  rate  in  the  mixed  charge 
transfer/mass-transfer  regime  was  observed  over  the 
range  in  potential  from  -0.3  VSCE  to  -0.7  VSCE.  More¬ 
over,  the  mass-transport-limited  current  density  in¬ 
creased  from  pure  Al  to  the  unpretreated  AA2024-T3 
to  the  pure  Cu.  The  limiting  current  density  increased 
toward  values  measured  on  pure  Cu  with  an  in¬ 
creased  alkaline  etch  time.  Thus,  replated  Cu  should 
enhance  the  ability  to  support  underpaint  corrosion 
on  Al  by  enhancing  the  cathodic  ORR  rate  in  the 
scribe-creep  wake  as  well  as  in  the  scratch  area. 

Morphology  of  Underpaint  Corrosion 
Associated  with  Scribe-Creep 

Scribe-creep  exposures  on  the  pretreated,  coated, 
and  scribed  AA2024-T3  as  well  as  Al  were  conducted 
for  ~75  days  at  25°C,  40°C,  and  50°C  in  80%  RH  us¬ 
ing  lab  air.  Figure  9  illustrates  the  scribe-creep  that 
was  observed.  Figure  9  also  shows  that  the  scribe- 
creep  damage  grew  in  the  L  direction  from  the  in¬ 
duced  defect  in  the  coating  (scribe)  and  grew  in  both 
L  directions  away  from  the  scribe. 

SEM  was  performed  on  the  NaOH  pretreated,  un¬ 
pretreated,  and  NaOH  +  HN03-pretreated  and  coated 
panels  after  scribe-creep  testing  in  humid  air  and 
coating  removal.  The  surface  morphology  for  each  pre¬ 
treat  condition  after  exposure  to  80%  RH  at  40°C  for 
~75  days  is  shown  in  Figure  9.  The  surface  morpholo¬ 
gies  of  the  three  pretreatments  were  similar.  The  main 
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FIGURE  6.  The  Cu  peak  heights  from  cyclic  voltammograms  on  pretreated  and  unpretreated  AA2024-T3  in  deaerated 
borate  buffer  (pH  =  8.4):  (a)  after  no  exposure,  as  well  as  exposures  to  room  temperature  Nad  and  NaOH  for  various  time 
periods.  The  effect  of  short  1.5-g/L  NaOH  exposure  times  is  more  clearly  shown  in  (b).  The  peak  height  for  pure  Cu  is  shown 
for  comparison  purposes,  (c)  The  Cu  peak  heights  after  exposure  in  the  simulated  tail  solution  (0.05  M  NaCI,  pH  =  10)  and 
simulated  head  solution  (0.5  M  NaCI,  pH  =  4)  at  40°C  for  various  exposure  times.  The  change  in  Cu  peak  heights  from  the 
exposure  in  the  simulated  tail  and  head  solutions  is  shown  in  (d). 


difference  was  the  amount  (i.e. ,  length  and  area  [to 
be  shown  below])  of  overall  scribe-creep  as  well  as  the 
width  of  the  filaments.  The  filaments  on  the  NaOH- 
pretreated  sample  grew  together  to  form  a  large,  dense 
corroded  area.  The  unpretreated  sample  showed  a 
similar  surface  condition,  but  distinct  filaments  were 
still  visible.  The  scribe-creep  filaments  on  the  NaOH  + 
HN03-pretreated  sample  were  more  scattered  and  con¬ 
sisted  of  distinct,  separate  filaments  that  did  not  grow 

l5)  It  is  well  known  that  acidic  oxidizing  chloride  environments  attack 
precipitation  age-hardened  A1  alloys  and  can  cause  intergranular 
corrosion,  if  susceptible.  An  example  of  this  is  the  ASTM  G-110 
test  environment  where  acidified  sodium  chloride  +  hydrogen  per¬ 
oxide  solution  is  used  to  test  for  intergranular  corrosion  suscepti¬ 
bility. 


very  long  in  the  time  period  of  the  humid  air  exposure. 
Figure  9(a)  shows  an  overall  image  of  the  scribe-creep 
area  for  the  NaOH-pretreated  sample  as  well  as  high- 
magnification  views  of  specific  regions.  The  surface 
in  the  wake  of  the  scribe-creep  track  had  large  pits 
present  with  an  intergranular  appearance,  suggesting 
an  acidic  environment  was  present.15’  The  area  just  in 
front  of  the  head  of  a  filament  showed  some  etching, 
trenching,  pitting,  and  possible  intergranular  attack. 
The  micrograph  taken  at  a  distance  away  the  scribe- 
creep  where  the  coating  was  not  damaged  shows  the 
damage  from  the  pretreatment  process  independent  of 
scribe-creep.  Pretreatment  mainly  attacked  constitu¬ 
ent  particles  in  addition  to  Cu-replating  as  discussed 
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FIGURE  7.  Scanning  electron  micrographs  of  LT  surface  of  AA2024-T3  showing  the  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Fe-Mn- 
type  constituent  particles  on  the:  (a)  unpretreated  and  (b)  NaOH  +  HN03-pretreated  surfaces. 


i  (Afcmr4)  I  |Aitnv-| 

(a)  (b) 


FIGURE  8.  Cathodic  potentiodynamic  polarization  scans  on  rotating  disk  electrodes  in  pH  =  8.2  borate  buffer  at  a  rotation  rate 
of  1,500  rpm:  (a)  cathodic  scans  for  pure  Cu,  unpretreated  AA2024-T3,  and  pure  Al  and  (b)  enlarged  cathodic  charge-transfer 
region  for  pure  Cu,  unpretreated  AA2024-T3,  NaOH-pretreated  AA2024-T3,  and  NaOH  +  HN03-pretreated  AA2024-T3. 


above.  Significant  localized  corrosion  damage  (pitting 
and  some  intergranular  attack)  in  all  three  cases  oc¬ 
curred  in  the  wake  of  the  scribe-creep  track.  Both 
the  unpretreated  and  NaOH  +  HN03  samples  showed 
similar  surface  morphology  at  the  front  of  the  filament 
head,  as  was  observed  on  the  coated  NaOH  pretreated 
sample  (Figures  9[b]  and  [c]) .  Pits  and  intergranular 
corrosion  were  also  observed  in  scribe-creep  areas.  As 
with  the  NaOH-pretreated  sample,  the  NaOH  +  HN03 
sample  showed  localized  constituent  particle  damage 
far  away  from  the  scribe-creep,  indicating  that  both 
pretreatments  preferentially  attacked  the  constituent 
particles  on  the  surface  of  the  AA2024-T3. 


Effect  of  Temperature,  Alloy, 

and  Pretreatment  on  Scribe-Creep  Rate 

Scribe-creep  experiments  on  pure  Al  showed 
that  little  underpaint  corrosion  occurred  over  the  ex¬ 
perimental  time  period.  However,  an  increase  in  un¬ 
derpaint  corrosion  occurred  with  the  addition  of 
Cu  and  Mg  to  the  Al  in  the  form  of  AA2024-T3,  as 
shown  in  Figure  10.  The  scribe-creep  data  shown 
in  this  plot  indicate  that  there  was  no  incubation 
time  associated  with  the  scribe-creep,  or  that  the  in¬ 
cubation  time  was  shorter  than  the  data  collection 
frequency.  The  length  of  scribe-creep  observed  on  the 
unpretreated  AA2024-T3  panel  (Figure  10)  increased 
more  slowly  with  longer  times,  indicating  that  the 
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FIGURE  9.  Scanning  electron  micrographs  on  AA2024-T3:  (a)  NaOH  pretreatment,  (b)  no  pretreatment,  and  (c)  NaOH 
+  HN03  pretreatment  after  scribe-creep  in  moist  air  at  80%  RH  and  40°C.  Micrographs  were  taken  after  organic  coating 
removal  and  specimen  cleaning.  The  arrows  indicate  the  locations  of  the  enlargement  micrographs  that  were  taken  in  the 
wake  of  the  scribe-creep  area,  just  in  front  of  the  head  of  a  filament,  and  in  the  case  of  the  NaOH-pretreated  panel  far  away 
from  the  underpaint  corrosion. 


growth  rate  decreased  slowly  over  the  period  of  the 
exposure. 

Increasing  the  exposure  temperature  resulted  in 
an  increase  in  scribe-creep  growth  rates  and  over¬ 
all  average  scribe-creep  lengths  for  unpretreated 
AA2024-T3  after  a  fixed  period.  This  increase  is  ob¬ 


served  in  Figure  1 1  for  the  unpretreated  AA2024-T3. 
There  was  still  a  decrease  in  the  growth  rates  over 
the  exposure  period  at  all  temperatures,  as  shown 
in  Figure  12.  The  largest  increase  in  the  scribe-creep 
growth  rate  was  observed  when  the  exposure  tem¬ 
perature  was  elevated  to  50°C.  Figure  12  shows  that 


308 


Corrosion— april  2006 


CORROSION  SCIENCE  SECTION 


O) 

c 

0) 

_J 

CL 

© 

© 

O 

© 

s. 

o 

CO 

© 

a> 

© 

< 


20  40 

Exposure  Time  (days) 


60 


80 


FIGURE  10.  Effect  of  alloying  on  the  scribe-creep  growth  on 
unpretreated  AA2024-T3  in  80%  RH  at  25°C.  The  length  of  scribe- 
creep  as  a  function  of  exposure  time. 


at  higher  temperatures  there  also  did  not  appear  to 
be  an  incubation  period  for  the  underpaint  corrosion 
on  the  unpretreated  AA2024-T3  panels.  If  the  average 
scribe-creep  length  is  plotted  as  a  function  of  t1/2,  a 
roughly  linear  relationship  is  found  (i.e.,  1  a  t1/2),  Fig¬ 
ure  13.  Assuming  t1/2  behavior,  curves  can  be  used  to 
calculate  the  activation  energy  for  each  temperature 
utilizing  Equations  (3)  and  (4).  Equation  (3)  shows 
time  dependence  and  contains  a  constant,  which  in¬ 
cludes  a  thermal  activation  term: 

dlave  _  kt  ^ 

dt  ”  2  (3) 

k  =  k0  exp^  ^  (4) 

The  integral  of  Equation  (3)  can  be  used  to  fit  the 
measured  data  (Figure  13),  showing  that  the  scribe- 
creep  growth  rate  increases  with  exposure  tempera¬ 
ture  according  to  a  simple  Arrhenius  expression. (6) 

The  humidity  exposure  temperature  affected  both 
the  unpretreated  as  well  as  the  pretreated  panels.  It 
was  observed  that  the  scribe-creep  growth  rate  on 
the  NaOH-pretreated  panels  also  increased  with  tem¬ 
perature.  Figure  14  shows  the  scribe-creep  growth 
length  over  time  as  a  function  of  the  temperature.  The 
growth  rate  decreased  over  the  exposure  period  at  all 
temperatures  for  NaOH-pretreated  AA2024-T3.  At  the 
end  of  the  test  period,  the  growth  rates  for  all  three 
temperatures  were  roughly  the  same  but  the  average 

(61  The  data  for  the  various  pretreatments  did  not  provide  a  perfect  fit 
to  the  linear  1  vs.  t1/2  curves  at  all  temperatures  at  all  times.  Thus, 
it  should  be  noted  that  k-values  for  all  conditions  may  only  apply 
over  a  restricted  portion  of  time.  Hence,  the  n  values  may  not  be 
uniquely  equal  1/2  over  the  entire  exposure  time.  This  could  be 
explained  by  a  change  occurring  in  the  growth  rate  mechanism 
for  scribe-creep  over  the  exposure  period.  Possibly  a  change  in  the 
dominant  controlling  factor  during  galvanic  corrosion  occurred 
over  the  exposure  time. 


•  Unpretreated  AA2024-T3  at  25X 

- Regression  line  for  unpretreated  AA2024-T3  at  25°C 

■  Unpretreated  AA2024-T3  at  40°C 

- Regression  line  for  unpretreated  AA2024-T3  at  40°C 

a  Unpretreated  AA2024-T3  at  SOX 
- Regression  line  for  unpretreated  AA2024-T3  at  SOX 


FIGURE  11.  Effect  of  increasing  temperature  on  the  scribe-creep 
lengths  for  unpretreated  AA2024-T3  in  80%  RH  at  25°C,  40°C,  and 
50°C. 


Time  (days) 


▼  Pure  Al  (99.99%) 

- Regression  line  for  pure  Al 

•  Unpretreated  AA2024-T3  at  25X 

-  Regression  line  for  unpretreated  AA2024-T3  at  25X 

■  Unpretreated  AA2024-T3  at  40X 

- Regression  line  for  unpretreated  AA2024-T3  at  40X 

a  Unpretreated  AA2024-T3  at  50X 

—  —  —  Regression  line  for  unpretreated  AA2024-T3  at  50X 

FIGURE  12.  The  effect  of  increasing  temperature  on  the  scribe- 
creep  growth  rate  for  unpretreated  AA2024-T3  in  80%>  RH  at  25°C, 
40°C,  and  50°C. 


length  of  scribe-creep  at  each  temperature  differed  be¬ 
cause  of  the  effect  of  temperature  in  the  early  stages 
of  exposure. 

In  case  of  the  NaOH  +  HN03-pretreated  panels 
the  scribe-creep  length  was  not  increased  by  increas- 
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AA2024-T3  at  25°C 
Linear  regression  line  at  25°C 
AA2024-T3  at  40°C 
Linear  regression  line  at  40°C 
AA2024-T3  at  50°C 
Linear  regression  line  at  50°C 


FIGURE  13.  The  average  scribe-creep  length  as  a  function  of  t1/2, 
where  the  slope  of  the  line  is  equal  to  k. 


Time  (days) 


•  NaOH-pretreated  AA2024-T3  at  25°C 

- Regression  line  for  NaOH-pretreated  AA2024-T3  at  25°C 

■  NaOH-pretreated  AA2024-T3  at  40°C 

- Regression  line  for  NaOH-pretreated  AA2024-T3  at  40°C 

A  NaOH-pretreated  AA2024-T3  at  50°C 

- Regression  line  for  NaOH-pretreated  AA2024-T3  at  50°C 


FIGURE  14.  Effect  of  temperature  on  the  average  scribe-creep 
lengths  with  exposure  time  of  NaOH-pretreated  AA2024-T3  in  80% 
RH  at  temperatures  of  25° C,  40°C,  and  50°C. 


Time  (days) 


•  NaOH-pretreated  AA2024-T3  at  25°C 

-  Regression  line  for  NaOH  +  HN03-pretreated  AA2024-T3  at  25°C 

■  NaOH  +  HN03-pretreated  AA2024-T3  at  40°C 

- Regression  line  for  NaOH  +  HN03-pretreated  AA2024-T3  at  40°C 

a  NaOH  +  HN03-pretreated  AA2024-T3  at  50°C 
- Regression  line  for  NaOH  +  HNO,-pretreated  AA2024-T3  at  50°C 

FIGURE  15.  Effect  of  temperature  on  the  average  scribe-creep 
lengths  with  exposure  time  of  NaOH  +  HN03-pretreated  AA2024-T3 
in  80%  RH  at  temperatures  of  25°C,  40°C,  and  50°C. 


ing  the  temperature  from  25°C  to  40°C  (Figure  15). 
However,  when  the  temperature  was  increased  to 
50°C,  a  large  increase  in  the  length  was  observed  at 
early  times.  The  scribe-creep  growth  rate  of  the  NaOH 
+  HN03-pretreated  panels  was  higher  at  50°C.  How¬ 
ever,  the  scribe-creep  rate  at  50°C  decreased  to  rates 


observed  for  25°C  and  40°C  at  the  end  of  the  test 
period.  At  25°C,  the  growth  rates  of  the  unpretreated 
and  NaOH  +  HN03-pretreated  panels  were  approxi¬ 
mately  the  same  and  much  lower  than  the  growth 
rate  of  the  NaOH-pretreated  panels.  At  40°C,  the 
scribe-creep  growth  rates  of  the  NaOH-pretreated  and 
unpretreated  panels  were  much  higher  than  those 
on  the  NaOH  +  HN03-pretreated  panels,  although  at 
the  conclusion  of  the  test  period  all  the  rates  were 
approximately  the  same.  At  50°C,  the  scribe-creep 
growth  rate  was  high  for  all  three  pretreatments,  but 
the  initial  rate  for  the  NaOH  +  HN03  pretreatment  was 
still  lower  than  the  grow  rates  on  the  NaOH-pretreated 
and  unpretreated  panels.  As  in  the  case  of  the  growth 
rates  at  25°C  and  40°C,  the  scribe-creep  growth  rates 
were  considerably  slower  at  the  end  of  the  exposure 
time  for  50°C,  regardless  of  pretreatment.  To  summa¬ 
rize,  temperature-accelerated  scribe-creep  rates  and 
scribe-creep  rates  slowed  with  time  for  all  pretreat¬ 
ments.  Temperature  had  the  most  pronounced  effects 
for  NaOH-pretreated  specimens. 

If  we  assume  that  n  has  a  value  of  Vi  for  the 
NaOH-pretreated  and  NaOH  +  HN03-pretreated  pan¬ 
els,  as  was  done  in  the  unpretreated  case  shown  in 
Figure  13,  a  slope  or  k-value  can  be  determined.  To 
determine  the  activation  energy  for  the  scribe-creep 
process,  the  k- values  were  determined  as  shown 
earlier  in  Figure  13.  The  natural  logarithms  of  these 
k-  values  were  then  plotted  as  a  function  of  "T1  (K), 
as  shown  in  Figure  16.  The  linear  regression  line  for 
each  pretreatment  was  assumed  to  take  the  following 
form: 
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i„k=i„k„-(t~4)i  (5) 

where  In  kQ  is  the  y  intercept,  Ea  is  activation  energy, 
and  R  =  8.314  J/molK.  The  fitted  lines  are  shown  in 
Figure  16  along  with  the  experimental  data  points  and 
the  values  are  reported  in  Table  1 .  It  was  not  possible 
to  determine  an  activation  energy  for  the  case  of  the 
NaOH  +  HN03-pretreated  AA2024-T3  due  to  the  scat¬ 
ter  in  the  data.  However,  it  is  clear  that  the  k-values 
after  this  pretreatment  were  lower  at  each  tempera¬ 
ture.  In  fact,  the  following  trend  was  observed  at  each 
temperature: 

kNaOH  >  kunpretreated  >  k  NaOH+HN03  (6) 

Assay  of  Copper  Contents 
on  Scribe-Creep  Surfaces 

Cyclic  voltammetry  tests  were  performed  on 
scribe-creep  samples  for  the  unpretreated,  NaOH-pre- 
treated,  and  NaOH  +  HN03-pretreated  samples  prior 
to  coating  and  exposure  to  80%  RH  at  25°C,  40°C, 
and  50°C.  Figure  17  shows  that  the  scribe-creep 
length  after  ~75  days’  exposure  was  greatest  for  the 
NaOH-pretreated  samples,  which  had  the  largest  ini¬ 
tial  Cu  peak  height  on  the  cyclic  voltammetric  scans 
prior  to  organic  coating  deposition  and  any  exposure. 
The  unpretreated  samples  had  a  similar  Cu  peak 
height  compared  to  the  NaOH  +  HN03-pretreated  sam¬ 
ples,  but  had  the  larger  average  scribe-creep  length. 
This  could  be  explained  by  the  greater  capacity  for  Cu 
replating  during  exposure  as  suggested  by  Figures 
6(c)  and  (d).  Note  that  differences  are  small  at  25°C 
and  the  amount  of  Cu  replated  was  similar  for  unpre¬ 
treated  and  NaOH  +  HN03-pretreated  cases.  Accord¬ 
ing  to  Figure  17,  temperature  significantly  affected  the 
scribe-creep  results  at  any  given  Cu  coverage. 

Cyclic  voltammetric  tests  were  also  performed  on 
the  post-humidity  exposure  scribe-creep  samples  in 
the  case  of  the  unpretreated,  NaOH-pretreated,  and 
NaOH  +  HN03-pretreated  samples  tested  in  80%  RH 


1/T(K-')x10-3 


FIGURE  16.  Arrhenius  plots  derived  from  scribe-creep  data  for  the 
NaOH  +  HN03-pretreated,  unpretreated,  and  NaOH-pretreated 
conditions. 


at  25°C  and  40°C.  The  test  area  for  the  cyclic  voltam¬ 
metric  scans  was  an  overall  specimen  area,  which 
contained  both  scribe-creep  and  uncorroded  area. 
Therefore,  an  increase  in  Cu  peak  height  was  indica¬ 
tive  of  a  larger  area  upon  which  Cu  had  been  replated 
as  well  as  a  larger  amount  of  Cu  per  unit  area.  The 
resultant  Cu  peak  heights  were  plotted  against  the 
measured  scribe-creep  length  for  all  pretreatments 
at  the  two  temperatures  (Figure  18).  The  scribe-creep 
length  increased  nonlinearly  as  the  Cu  peak  height 
increased.  For  the  Cu  assay  conducted  after  expo¬ 
sure,  the  Cu  peak  height  for  the  unpretreated  case 
surpassed  the  NaOH  +  HN03-pretreated  case,  sub¬ 
stantiating  the  claim  that  the  unpretreated  case  had 
a  greater  capacity  for  Cu  replating.  Moreover,  for  a 
given  Cu  peak  height,  the  scribe-creep  length  was 
greater  as  the  temperature  was  raised  from  25°C  to 
40°C.  The  Cu  peak  height  and  the  scribe-creep  length 
were  lowest  for  the  NaOH  +  HN03-pretreated  samples 
and  highest  for  the  NaOH-pretreated  samples  at  each 
temperature,  indicating  prior  Cu  levels  as  well  as  ad¬ 
ditional  capacity  for  replating  Cu. 


TABLE  1 

Parameters  k,  k0,  and  Ea  for  Thermally  Activated  Scribe-Creep  after  the  Pretreatments  lndicatecfA> 


Pretreatment 

T  (K) 

k  (mm/days1'2) 

k„  (mm/days1'2) 

Ea  (kJ/mol) 

Unpretreated 

298 

0.161 

1.74  x  106 

-40.24 

313 

0.298 

323 

0.582 

NaOH 

298 

0.202 

1.84  x  105 

-34.02 

313 

0.373 

323 

0.589 

NaOH  +  HN03 

298 

0.124 

_ (B) 

_ (B) 

313 

0.113 

323 

0.469 

(A)  |  _  kti/2  behavjor  was  assumed  in  all  cases. 

<B)  Values  were  not  calculated  due  to  data  scatter. 
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FIGURE  1 7.  CV peak  height  prior  to  coating  application  as  a  function 
of  the  average  scribe-creep  length  after  ~75  days  for  unpretreated 
and  pretreated  AA2024-T3  in  80%  RH  at  25°C,  40°C,  and  50°C. 


FIGURE  18.  The  average  scribe-creep  length  after  ~75  days  for 
AA2024-T3  in  80%  RH  at  25°C  and  40°C  as  a  function  of  Cu  peak 
height  after  removing  the  coating. 


DISCUSSION 


It  is  well  known  that  FFC  is  a  form  of  underpaint 
corrosion  that  grows  on  metal  surfaces,  underneath  a 
coating,  in  a  thread-like  manner.23,31'41,43'44,47,50,57'59,63,65'78 
The  filament  has  what  is  considered  an  anodic  head 
and  a  cathodic  tail.  The  head  has  an  acidified,  high 
CF  ion-containing  electrolyte  present,  while  the  tail 
consists  of  semi-diy  corrosion  product  and  the  pH  is 
alkaline.35,37,79  The  local  anode  in  the  leading  part  of 
the  head  of  the  filament  is  where  the  anodic  dissolu¬ 
tion  of  the  metal  occurs  and  undercuts  the  coating. 
Farther  back  from  the  leading  edge  is  the  local  cath¬ 
ode  where  ETR,  such  as  reduction  of  oxygen,  occurs. 
The  anodic  propagation  of  the  filaments  has  been 

|7)  Anode  control  may  play  a  role  in  altered  microstructures  that  pro- 
duce  faster  anodic  reaction  rates  such  as  Cu-depleted  overaged 
alloys. 


ascribed  to  the  differential  in  the  oxygen  concentra¬ 
tion  between  the  front  and  the  back  of  the  head  of  the 
filament,23,31,79  although,  clearly,  the  pH  change  and 
CT  levels  also  contribute  to  the  formation  of  a  galvanic 
couple  between  the  low-pH,  high-CF  head  and  high- 
pH  tail.  The  FFC  rate  is  promoted  by  HC1  solution35,75 
and  elevated  temperature.31,43,75,80  Hoch43  observed 
that  in  cold  weather,  FFC  appeared  to  become  inactive 
and  then  reinitiated  when  exposed  to  warm  weather. 
These  findings  are  all  consistent  with  the  present 
study  where  the  local  corrosion  morphology  under 
filiform  sites  (Figure  9)  suggests  an  acidified,  high- 
CF  anodic  head,  where  attack  is  promoted  by  HC1- 
containing  solution,  as  expected  in  the  case  of  pitting 
and  intergranular  attack.  Recall  that  pitting  and  inter¬ 
granular  attack  were  seen  in  Figures  9(a)  through  (c) 
in  the  filiform  tracks. 

Given  the  galvanic  couple  between  the  head  and 
tail,  the  scribe-creep  growth  processes  that  could 
control  galvanic  corrosion  are  diffusion,  ohmic,  anode, 
or  cathode  control,  or  any  combination  of  these.  The 
primary  controlling  mechanism  can  also  change 
over  exposure  time.  If  anodic  undercutting  promotes 
scribe-creep  in  Al-based  alloys,  then  the  rate  of 
scribe-creep  would  be  directly  proportional  to  the  rate 
of  galvanic  corrosion  and  mediated  by  the  state  of  ad¬ 
hesion.  Anodic  control  is  more  than  likely  not  one  of 
the  controlling  mechanisms  due  to  the  correlation  and 
interdependency  between  replated  Cu.  ORR  rate,  and 
scribe-creep  growth  rate.'71  The  question  is  how  pre¬ 
treatment  and  alloying  content  affect  this  galvanic 
corrosion  process.  Clearly,  Cu  content  is  important, 
as  indicated  in  Figure  10.  Cu  replating,  in  the  case  of 
AA2024-T3,  is  directly  related  to  the  reservoir  of  Cu 
present  at  Cu-rich  IMC  and  Cu  in  solid  solution. 

These  compounds  can  act  as  local  cathodes  and  a 
source  for  Cu  that  can  be  replated.  It  is  speculated 
that  enhanced  Cu  replating  increases  the  driving  force 
for  galvanic  corrosion  and  supports  cathodic  ETR  to 
support  the  rate  of  galvanic  corrosion,  as  shown  in 
Figure  8.  It  is  also  speculated  that  scribe-creep  is  con¬ 
trolled  by  a  charge  transfer  or  mixed  charge-transfer/ 
diffusion-controlled  ORR  as  well  as  the  ohmic  resis¬ 
tance  between  the  head  and  tail.  As  this  ohmic  resis¬ 
tance  increases,  the  galvanic  corrosion  process  may 
slow  down.  This  will  be  the  subject  for  a  future  publi¬ 
cation.  However,  it  stands  to  reason  that  an  increase 
in  the  amount  of  available  Cu  on  the  surface  in¬ 
creased  the  rate  of  the  charge  transfer  and  diffusion- 
controlled  reduction  of  oxygen  reaction  (Figure  8[b]). 
This  correlates  with  an  increase  in  the  growth  rate  of 
the  FFC,  which  was  observed  from  the  scribe-creep 
test  data  (Figures  1 1  and  14)  when  the  increase  of 
surface  Cu  was  promoted  using  an  alkaline  etch. 

The  scribe-creep  tests  showed  that  Cu  was  nec¬ 
essary  in  order  for  scribe-creep  to  occur,  and  it  was 
verified  by  its  absence  on  pure  A1  (99.99%)  in  Figure 
10.  It  was  also  observed  from  Figures  11,  14,  and  15 
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that  the  AA2024-T3  panel  with  the  highest  amount 
of  surface  Cu  (NaOH-pretreated)  exhibited  the  high¬ 
est  average  scribe-creep  length  and  growth  rate. 

The  AA2024-T3  surface  with  a  low-Cu  content  (e.g., 
AA2024-T3  after  40  min  in  NaOH  and  30  s  in  HN03 
pretreatment),  where  the  Cu  on  the  surface  as  well  as 
from  most  of  the  IMC  was  removed  by  the  HN03  treat¬ 
ment,  exhibited  the  lowest  amount  of  scribe-creep. 
Obviously  not  all  of  the  Cu  available  for  replating 
and  subsequent  oxygen  reduction  was  removed  dur¬ 
ing  the  HN03  exposure;  otherwise,  the  scribe-creep 
growth  rate  for  this  pretreated  condition  would  have 
been  similar  to  that  of  pure  Al.  Moreover,  the  original 
scribe  area  penetrated  beneath  the  pretreated  surface, 
exposing  new  sources  of  Cu.  Figure  7  clearly  showed 
that  constituent  particles  are  still  present  on  the  sur¬ 
face  after  the  NaOH  +  HN03  pretreatment.  One  source 
of  Cu  for  replating  is  the  IMC,  particularly  S-phase. 
Recall  that  S-phase  (Al2CuMg)  is  anodic  to  the  Al  al¬ 
loy  matrix.2'312151718  Small  Al2CuMg  IMC  should  easily 
dissolve  to  release  more  Cu  in  the  filament  wake  to 
support  scribe-creep.2'312151718 

Increasing  the  scribe-creep  temperature  to  40°C 
was  found  to  have  the  largest  effect  on  the  scribe- 
creep  length  and  growth  rate  of  the  AA2024-T3 
sample  with  no  pretreatment.  One  reason  for  this 
finding  could  be  that  there  was  a  larger  capacity  of  Cu 
available  to  be  replated  than  in  case  of  the  HN03-pre- 
treated  sample  (Figures  6[c]  and  [d]),  which  is  seen  in 
the  high-pH  solution  simulating  the  scribe-creep  tail. 

The  linearity  of  the  Arrhenius  plots  suggests  that 
the  scribe-creep  growth  process  follows  a  simple  Ar¬ 
rhenius  process.  The  activation  energies  are  fairly 
similar  for  all  the  pretreatments,  ranging  between 
34  kJ/mol  and  41  kJ/mol.  However,  the  values  for 
k0  are  different  for  each  pretreatment.  This  activation 
energy  also  supports  the  notion  that  the  rate  is  con¬ 
trolled  by  ETR  instead  of  oxygen  transport  in  the  bulk 
electrolyte  phase  or  through  a  polymer  because  sig¬ 
nificantly  lower  activation  energies  are  seen  when  the 
latter  phenomena  are  controlling.81'86  For  example,  the 
diffusion  of  water  molecules  through  a  bulk  water 
phase  in  the  polymer  (polybutadiene)  on  steel  is  about 
19.2  kJ/mol.85  Ruggeri  and  Beck34  calculated  that 
the  rate  of  diffusion  through  the  tail  was  ten  times 
that  needed  to  support  corrosion  and  more  than  ten 
times  greater  than  the  diffusion  rate  through  many 
of  the  polymer  coatings,  which  was  supported  by  the 
observation  of  FFC,  even  when  an  02  impermeable 
metallic  coating  was  used.  The  activation  energy  for 
02  transport  in  an  aqueous  phase  is  quite  low,  chang¬ 
ing  only  1%  to  2%  per  °C.87  Moreover,  Leidheiser, 
et  al.,83  calculated  activation  energies  of  45.2  kJ/mol 
to  56.5  kJ/mol  for  various  chloride-containing  elec¬ 
trolytes  from  delamination  rates  of  polybutadiene 
coating  on  steel,  which  proceeds  by  an  entirely  differ¬ 
ent  mechanism  that  relies  on  cathodic  disbondment. 
The  cathodic  disbondment  of  steel  relies  on  OH  pro¬ 


duction,  which,  in  turn,  relies  on  the  rate  of  the  oxy¬ 
gen  transport  and  reduction  reaction  on  steel.  Barrer82 
measured  activation  energies  of  25.1  kJ/mol  to 
50.2  kJ/mol  for  gas  permeation  through  the  polybu¬ 
tadiene  coating  on  steel,  and  Van  Amerongen86  mea¬ 
sured  activation  energies  of  28.5  kJ/mol  for  oxygen 
diffusion  through  polybutadiene.  These  activation  en¬ 
ergies  are  somewhat  lower  than  what  was  observed  in 
this  study.  Considering  the  fact  that  the  larger  Cu 
coverage  brought  about  by  the  alkaline  etch  results  in 
a  higher  charge-transfer-controlled  oxygen  reduction 
current  density  (Figure  8),  as  well  as  a  larger  limiting 
current  density  for  ORR,  suggests  that  the  activation 
energy  associated  with  this  ETR  process  controls  the 
activation  energy  seen  in  scribe  creep.  The  increase 
in  temperature  could  increase  the  cathodic  reaction 
rates,  especially  the  charge-transfer-controlled  rate, 
which  is  thermally  activated  via  the  effect  of  tempera¬ 
ture  on  exchange  current  density  at  similar  activation 
energies.  Indeed,  the  proton  discharge  ETR  can  range 
from  25  kJ/mol  to  70  kJ/mol.87  Additionally,  the  in¬ 
creased  temperature  could  also  decrease  the  adhesion 
of  the  coating  providing  another  cause  for  this  in¬ 
crease  in  scribe-creep. 

A  decrease  in  the  scribe-creep  growth  rate  over 
time  was  also  observed  for  each  pretreatment  at  each 
temperature.  If  the  observed  scribe-creep  growth  is  an 
ohmic-controlled  process,  the  decreasing  growth  rate 
would  indicate  that  the  ohmic  path  length  increased 
over  the  course  of  the  exposure  period.  A  decrease 
in  rate  was  observed  to  occur  after  ~20  days  at  each 
temperature  and  pretreatment.  Mol,  et  al.,50  proposed 
that  the  decrease  or  stagnation  of  the  filament  growth 
rate  as  the  filament  lengthens  is  due  to  the  accumula¬ 
tion  of  corrosion  product  in  the  tail  of  the  filaments, 
which  entraps  chloride.  This  entrapment  of  chloride 
could  decrease  the  ability  for  chloride  to  be  trans¬ 
ported  to  active  head  sites  in  support  of  the  formation 
of  an  acidified,  low-pH  anodic  head.  It  is  more  likely 
that  ohmic  resistance  is  increased  between  domi¬ 
nant  anodes  and  cathodes.  In  this  view,  the  rate  of 
scribe-creep  is  operating  as  a  galvanic  couple  that  is 
controlled  by  the  cathodic  charge-transfer  reaction 
rate  and  the  ohmic  electrolyte  resistance  between  the 
head  (anode)  and  tail  (cathode)  that  form  a  galvanic 
couple.  If  a  large  portion  of  the  cathode  remains  in 
the  scratch  or  at  the  wake  of  the  scribe-creep  near 
the  scratch,  this  ohmic  resistance  increases  over  time 
as  the  active  head  moves  further  away.  The  galvanic 
corrosion  rate  must  then  decrease  with  scribe-creep 
length  for  the  same  galvanic  driving  force.  A  decrease 
in  galvanic  corrosion  rate  leads  to  a  decrease  in  an¬ 
odic  undercutting  at  the  filament  head.  Experiments 
are  underway  to  confirm  this  phenomena. 

The  absence  of  replated  Cu  minimizes  the  rate  of 
the  ORR  This  is  also  the  case  in  the  absence  of  oxy¬ 
gen.37  Hence,  using  the  information  provided  in  this 
publication  it  can  be  speculated  that  any  inhibitor 
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that  limits  Cu  replating  and/or  inhibits  ORR  can  im¬ 
prove  resistance  to  scribe-creep.  Consider  chromate 
ions,  for  example,  which  inhibit  scribe-creep  in  the 
same  type  of  test.  It  has  been  shown  that  the  pres¬ 
ence  of  chromate  ions  inhibits  open-circuit  potential 
corrosion  and  Al2CuMg  dissolution  (anodic  inhibi¬ 
tion),  reduces  pitting  (anodic  inhibition),  and  inhibits 
cathodic  ORR  (cathodic  inhibition).23'24  Therefore,  one 
beneficial  role  of  chromate  during  scribe-creep  can  be 
interpreted  through  its  role  in  minimizing  Cu  replat¬ 
ing.  The  other  is  the  well-known  effect  of  enhanced 
adhesion.23'25  However,  the  suppression  of  the  dis¬ 
solution  of  the  Al-Cu-Mg-type  constituent  particles 
under  paints  should  not  be  underestimated,  since  this 
function,  in  turn,  will  decrease  the  amount  of  Cu  re¬ 
deposition  that  is  necessary  to  enhance  ETR  rates  for 
oxygen  reduction.  The  presence  of  chromate  not  only 
inhibits  the  dissolution  of  the  Al-Cu-Mg-type  IMC  but 
also  suppresses  the  ORR  rate  on  AA2024-T3  and  the 
remaining  Al-Cu  and  Al-Cu-Mn-Fe-type  IMC.23'24 

Therefore,  alternative  pre treatments,  coating 
inhibitors,  or  alloy  compositions  that  minimize  the 
propensity  for  Cu  replating  should  all  be  capable  of 
reducing  underpaint  corrosion  rates  implicated  in 
scribe-creep  measurements  on  AA2024-T3.  For  in¬ 
stance,  a  hydrotalcite  pigment  containing  an  ORR  in¬ 
hibiting  anion  might  inhibit  ORR  reactions,  as  shown 
by  Kendig  and  Hon,88  and  reduce  scribe-creep  rates 
via  this  mechanism.  Inhibitors  may  function  in  other 
ways  such  as  by  limiting  anodic  dissolution,  buffering 
pH,  or  gettering  CT,35,89'90  but,  clearly,  modifying  Cu 
replating  and  suppressing  the  rate  of  the  ORR  are  im¬ 
portant  mechanisms  of  the  inhibition  of  scribe-creep. 

CONCLUSIONS 


❖  Cyclic  voltammetry  to  assess  Cu  redox  processes 
indicates  that  exposure  to  NaCl  solutions  and  NaOH 
pretreatment  significantly  increases  redeposited  Cu 
on  bare  surfaces  of  AA2024-T3.  Cathodic  E-log  I  con¬ 
firms  enhancement  of  the  charge-transfer-controlled 
ORR  with  Cu  replating. 

❖  Cyclic  voltammetric  tests  indicate  that  NaOH  + 
HN03  pretreatment  produces  a  surface  that  exhibits 
low  levels  of  Cu  redeposition  and  resists  further  re¬ 
deposition  during  scribe-creep  tests  on  organically 
coated  AA2024-T3. 

❖  Scribe-creep  rates  on  coated  AA2024-T3  after  all 
pretreatments  were  faster  than  those  observed  on  high- 
purity  A1  and  were  accelerated  by  temperature.  How¬ 
ever,  at  50°C  all  three  pretreatments  on  AA2024-T3 
showed  high  scribe-creep  lengths  and  growth  rates. 

❖  As  a  first  approximation,  the  rate  of  scribe-creep 
follows  a  simple  Arrhenius-type,  thermally  activated 
growth  rate  behavior,  but  the  growth  rate  decreases 
with  time  in  a  complex  manner  given  by  1  a  tn,  where 
n  ~  1/2.  The  activation  energies  observed  are  consis¬ 
tent  with  the  notion  that  the  scribe-creep  process,  in 


this  instance,  is  controlled  by  the  ETR  associated  with 
oxygen  reduction  in  the  charge  and  mixed  charge- 
mass-transport-controlled  regimes. 

❖  Coated  AA2024-T3,  with  large  amounts  of  replated 
Cu  and/or  a  large  capacity  for  replating  Cu,  exhibited 
the  largest  increase  in  scribe-creep  rate  with  increas¬ 
ing  temperature.  Scribe-creep  rates  could,  therefore, 
be  predicted  based  on  prior  Cu  redeposition  and  the 
propensity  for  Cu  redeposition. 
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